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ABSTRACT 


Pulse-modulation and integrated circuits, respect. 2s 
are the most recent major advances in the communications 
field and in electronic devices. The evolutionary develop- 
ment of one pulse-modulation technique, Delta Modulation, 
is examined in this thesis to determine the feasibility of 
extending its evolution to the inclusion of integrated 
circuits in its design. An experimental circuit, demon- 


strating this feasibility, is described and evaluated. 
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i INTRODUCTION 


The increasing demands for communications systems 
capable of handling large volumes of traffic have forced 
the development of new communications techniques. This 
need has been met, in part, by the advent of pulse- 
modulation and multiplex systems. The devices required to 
implement these communications techniques have also evolved 
wrmeough the years from vacuum tubes, to traiicietore anid 
wtegrated, circuits. 

This thesis considers one pulse-modulation technique--- 
delta modulation. Chapters II through IV, based upon 
published papers, present the development of delta modula- 
tion (DM) through the time when discrete transistors were 
wsed. To extend the evolution to integrated circuits, an 
experimental circuit incorporating these newest devices has 
been designed and built. Tests upon this system demonstra- 
ted satisfactorily the ability to transmit sinusoidal and 
triangular waveforms. 

Chapter II describes the various types of pulse modula- 
tion and compares briefly delta modulation and pulse-code 
modulation. A detailed description of delta modulation 
follows in the third chapter of this thesis. The theoreti- 
Gal origin of DMedsedescribed and»typical .cinewlt wavetomms 


are presented for each of three types of feedback methods. 
The fourth chapter illustrates, by representative cir- 


cuits, the implementation of the DM theory into experimental 


Heb 
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test systems. Incorporation of transistors and the applica- 
tion of DM in voice-transmission and telemetry systems is 
also presented.” “The” latter part of the chaprea discusses a 
major modification of conventional DM known as Delta-Sigma 
Modulation. 

The remaining chapters describe the design, construction 
and testing of a DM system incorporating integrated cir- 
cuits. The operation of each functional portion of the 
circuit is described. The objective of this test circuit 
is to demonstrate the feasibility of the integrated cir- 
Clulery in DM. As a consequence, the results are lintved en 
scope, but comparison with earlier systems will be made 


where possible. 
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It. PULSE MODULATION 


For many years, communications relied upon continuous 
transmission of information signals. These systems used the 
familiar amplitude, frequency and phase modulation tech- 
niques. The proposal of pulse modulation, therefore, was 
a radical change in information-handling techniques. 

Pulse modulation was based upon the sampling principle 
which stated that any sine wave could be reproduced if its 
amplitude was known at each of two equally spaced time 
intervals of each cycle. Since only a small fraction of 
each cycle was required to transmit all the information 
about that channel, it was proposed that several channels 
could be interlaced, with resultant reduction of the total 
number of channels. This interlacing technique is known 
as multiplexing (8). 

Several forms of pulse modulation have been proposed. 
These are: 

A. Pulse-amplitude modulation (PAM) ---in which the 

amplitude of successive pulses is determined by 
the amplitude of the sampled signal at the 


instant of saiipling® 


B. Pulse-frequency modulation (PFM)---in which the 
instantaneous pulse repetition frequency is deter- 
mined by the value of the sampled signal at the 


time of sampling. 
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C. Pulse-position modulation (PPM)---in which the 
position, in time, of the leading Gage of @ aa. 
is varied about some reference position depending 
upon the amplitude of the sampled signal at the 
time of sampling. 

D. Pulse-width modulation (PWM) ---or pulse-duration 
modulation (PDM)---in which the width of the pulse 
is varied about some reference width depending 
upon the magnitude of the sampled signal at the 


time of sampling. 


E. Pulse-code modulation (PCM)---in PCM, the amplitude 
of the signal is quantized into 2" distinct levels 
vl Neste Om nam DOGO Ojo di, Qiyvrce 0 ene 2 . The .nugbes 
of the level into which the amplitude of the signal 
falls at the time of sampling is converted into 
binary form. In transmission, a pulse is sent when-= 
ever a one occurs, and no pulse, or a pulselas 
Opposite polarity is sent whenever a Zeno, oCeuic. 
Therefore, for each sample, a series of n pulses 


will be transmitted of magnitude one or Zero. 


In all of the above methods except PCM, the receiver 


must perform two functions: 1) it must detect the presence 


of the pulse, and 2) it must determine some unique charac- 


teristics of the pulse such as its amplitude, position, 


duration or frequency. The presence of noise in the trans- 


mission can affect the value of these characteristics. 
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In PCM, however, the only requirement of the receiver 
is to determine the presence or absence of the pulse. In 
this system, reliable communications can be maintained with 
a Signal-to-noise ratio as small as 2 (2). 

The largest drawback to PCM is the complexity of the 
analog-to-digital and digital-to-analog converters. Another 
pulse modulation system has been developed to avoid this 
complexity, and it is known as delta modulation. This 
system enjoys many of the advantages of PCM, including the 
Capability of transmission with small signal-to-noise 
ratios. In addition, its simplicity and low cost can meet 
requirements that PCM can satisfy only with complexity and 
accompanying higher cost. The major disadvantage of DM is 
the larger bandwidth required. 

Many authors have compared DM with PCM. Zetterberg (38) 
published a paper in 1955 giving an outstanding comparison 
from the information theory point of view. Most of the 
rererences cited in this thesis have at least one ‘section 
concerning DM and PCM advantages. References not cited, but 
which have good theoretical comparisons, include Abate (1), 
Bowers (5) and O'Neal (30). 

In the remainder of this thesis, only delta modulation 
will be considered. Emphasis will be placed upon the evolu- 


tion of DM into a system incorporating integrated circuits. 
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III. DESCRIPTION OF DELTA MODULATION 


The basic delta-modulation system provides a means of 
encoding analog signals in communications and control 
systems. The transmitted signal, consisting of pulses, 
represents binary decisions which are determined by the 
polarity Of the difference between the modulatangqmeagua! 
and an approximation of this signal. 

This method was first described in a 1946 French patent 
by E. M. Deloraine, S. Van Mierlo and B. Derjavitch (10). 
The first papers published describing the theory of delta 
modulation made their appearance in 1952 (7, 32). One of 
these, by F. de Jager, entitled "Delta Modulation, A Method 
of P. C. M. Transmission Using the 1-Unit Code” (7), forms 
thettheoretical Basis for much of the succeeding research by 
others. De Jager's paper presented the basic system, the 
use of three types of quantized feedback, a description of 
quantizangenoisey and an “interpretation of delta modulataien 


-in terms of information theory. 


A. SYSTEM DESCRIPTION 


The biockwclagmaaneain Figure | depicts the basic or Gon- 
ventional delta=-modulation system. The input analog signal 
tS tec neowascdtiterence SGirsult Or comparator. The func- 
tion of the comparator is to compare the input with the 


integrator output. The comparator output will be one of 
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Figure 1: Conventional Delta Modulation 
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two possible levels; the level chosen (high or low) depending 
On which of the two inputs is larger. 

The pulse generator or clock independently produces a 
train of pulses of fixed duration, amplitude and period. In 
the pulse-modulator circuitry, the level of the comparator 
SuUeput willy control or determine the modulator outpur, Tees 
mogulager OUtpUE wall consist Of the clock pulses «but fc 
will now have~edther.posgtive or negative polarity. The 
polarity of these pulses will be such that the feedback loop 
through the integrator.reduces the difference between the 
original input signal and its approximation produced by the 
Jig EXS Gel ee) gis 

The transmitted train of pulses, consisting of positive 
and negative pulses, arriving at the decoder are integrated 
with an integrator identical to that of the encoder. The 
integrated output is smoothed by the low-pass filter, pro- 


ducing a close realization of the original input signal. 


B. CIRCUIT WAVEFORMS 

How well the decoder output approximates the input 
depends, of course, on the characteristics of the system. 
One of the major considerations is the type of integration 
used. De Jager (7) proposed three forms: 1) single- 
integration, 2) double-integration, and 3) double- 
integration wren preaactien. " The simplest Circuits for 


each of these forms are shown in Figure 2. 
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1. Single-Integration Feedback 


With single-integration, the difference circuit 
makes a comparison between the input signal and the 
staircase-like output of the integrator. (See Figure 3.) 
The difference between these two signals is known as 
quantizing noise, or noise created in the system by the 
quantization process. Statistical analysis of this quan- 
tizing noise has been examined in detail by Van de Weg (35), 
and O'Neal (29, 31). 

Figure 3 also illustrates two other limitations of 
delta modulation. Because delta modulation is a measure of 
the rate of change of a signal, it is not limited by the 
Signal amplitude. It is, however, limited by the rate of 
change of amplitude which it can follow (encode). This 
femitation, known as slope-limiting, is illustrated in 
Figure 3 by region A. In this region the input signal rises 
too rapidly for the staircase signal to follow. The result- 
ing magnitude of the signal, Eg, is observed to be too 
small. To reduce or eliminate slope-limiting, a higher 
clock frequency or a larger step size must be used. 

There is also a lower limit on the amplitude of the 
input signal. This occurs when the peak-to-peak aeqed sige 
is less than the magnitude of each step in the integrator 
Output. The modulator output will, as a result, consist of 
a sequence of pulses alternating in polarity. An example 


Gf mis OCCUurs at region B in Figure 3. 


19 


(a) Single-integration feedback 


Ry Ro 


(b) Double-integration feedback 





(c) Double-integration feedback with 
prediction 


Figure 2: Simple Integrating Feedback Circuits 
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Figure 3: Single-Integration Feedback Waveforms 
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2. Double-Integration  shecdbaek = 


A smoother, but not necessarily improved, approxi- 
mation of the input signal can be obtained using the double- 
integration feedback network. In this system the pulses 
have the effect of changing the slope instead of the ampli- 
tude of the approximation signal. A problem arises with 
double inveqwation, Nowever. The additional delay intmem 
duced in the feedback circuit by the second integrator 
causes the system to be somewhat sluggish in its response. 
Regions A and B of Figure 4 illustrate the inability of the 
System GO sense the change in slope of the @riginal, input. 
The integrated output signal, E,, aS a result, does not 
closely approximate the applied signal in these regions. 

Assuming the input signal to be zero, the situation can 
arise where the signal E, crosses the zero level with a 
high value of its first derivative, causing oscillations. 
The oscillatory period can have many different values, 


depending upon the initial conditions. 


3. Double-Integration With Prediction 


Tor elhininaee this oscillatory Lemuency, de Jager (7) 
proposed the third network in Figure 2. If the difference~- 
circuit input is supplied from a point slightly ahead of the 
detbte=integratem ouput, “some prediction capability is 


introduced. The voltage Eg now consists of the voltage 
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Double-Integration Feedback Waveforms 
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across Cy plus the small voltage across R3. This is a type 
of predictor circuit, since this output is indicative of the 
voltage across Cy at some future time, assuming a constant 
slope is maintained until the next pulse is applied. 

As illustrated in Figure 5, the output of the 
encoder integrator suffers a loss in smoothness in its wave 
form. In the decoder, however, prediction is not needed 
and the integrated output is relatively smooth. In the 
decoder, the low-pass filter output does approximate the 


Opiginat Lneue signal quice closely. 
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Figure 5: Waveforms for Double Integration with 
Prediction 
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IV. CIRCUIT REALIZATIONS 


The evolution of delta modulation circuit realizations 
has followed that of electronics in general. Initially 
built with vacuum tubes, delta modulation @ircuits gquickey 
incorporated transistors as these devices were developed. 
The intent of this chapter is to show the evolution of delta 
modulation with several representative circuits. Utiliza- 
tion of the latest electronic device, the integrated cir- 


cuit, will be presented in a later chapter. 


A. VACUUM-TUBE CIRCUITS 


In 1954, shortly after de Jager (7) had presented his 
comprehensive analysis of the theory, two theses were 
written at the Naval Postgraduate School in Monterey, 
California. (24, 2). 

The first of these papers, dealing only with the encod- 
ing function, proposed several forms of encoders (24). Some 
of these encoders are illustrated in Figures 6 through 8. 

The triode modulator of Figure 6 is the most elementary 
vVacuum=-tube encoder. However, as the author indicated, the 
adjustment of the circuit is quite critical. The uni- 
polarity system tends to either — or eliminate an exces- 
Sive number of pulses, the latter condition being more 
ceonmon. In additron, the Output “amplitude is not constant 


but varies with the magnitude of the difference signal. 
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This necessitates the use of a limiter stage following the 
modulator. 

A Similar circuit, using a pentode and triode is illus- 
tratedein Figure 7: This ¢ircuit reduces the timing-pulse 
generator regulation requirements and decreases the likeli- 
hood of capacitance coupling between input and output. It 
suffers from the same difficulties as the triode modulator 
with regards to the setting of the quiescent bias level 
and sensitivity. Again, it requires a limiter stage. 

To alleviate some of these shortcomings, the circuit of 
Figure 8 was proposed. Here, the comparator and modulator 
are in separate stages. The accuracy and sensitivity of 
the modulator were improved by a factor equal to the gain 
of the comparator stage. "Depending on the particular type 
of pentode used, and the bias conditions, the modulator may 
or*may not tend towards excessive or insufficient pulse 
generation. 

All of the above systems produced single-polarity output 
pulses. Armstrong, in his thesis (2), designed and con- 
structed a uni-polar system demonstrating the feasibility of 
Getta modulation. Further.work.on uni-polar systems was 
also performed at the University of Texas in 1956 (34), and 
at the University of British Columbia in 1959 (6). 

To produce a bi-polar output pulse train, the complexity 
Ofjasdelta, mo@ilacron Syacem_ is increased. .Both ofthe 


aforementioned theses also described bi-polar systems. 
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Uni-polar systems have the advantage only. if the pulse 
repetition rate is very constant. When it is variable (as 
when the signal is tape recorded and played back at uncer- 


tain speeds) both polarities should be provided (6). 
BY TRANSISTORIZED SYSTEMS 


Toward the end of the 1950's, delta modulation was used 
in limited applications. Circuits were designed and built 
for voice communications, telemetry and video transmissions 
(3-4, 6, 26-28, 34-35). At the same time, transistorized 
versions of delta modulation made their appearance. 

Typical of these circuits was a voice-transmission 
system designed by F. W. Arter (3). The specifications for 
the system's design were: 

1. Input---typical speech in the band width 300 = 3000 
Hertz (HZ). The typical dynamic range of such 
signals is about 30 decibel (dB) with the average 
Signal level some 12 dB below peak levels. The 
amplitudes of the signal peaks were about l V 
and the average Signal amplitude about 0.25 V 
for representative input signals. Peak clipping 
to reduce the dynamic range to about 24 dB was 
allowed. 


2. Transient response---capable of reproducing a 
1000-Hz sinusoidal input signal with a maximum 


amplitude of 0.25 V. 


60 


3. Effects of quantization noise were not,.to preduee 
an effective signal-to-noise ratio worse than 


30» dB: 


4. Input and output impedance of the system were to be 
1200 ohms, and an overall system gain of 5 to 
10 dB was required. 


5. The system was to be fully transistorized. 


The block diagram of the system is illustrated in 
Figure 9, and the complete schematic diagrams of the trans- 
mitter and receiver circuits are presented in Figures 10 and 
ii, respectively. Since the antent of this secti Gn tommy 
to illustrate typical circuit realizations, an analysis of 
this circuit will not be presented. Details of all circuits 
alluded to in this chapter may be found in the appropriate 


references. 


C. DELTA-SIGMA MODULATION 


In comparing pulse modulation systems, pulse-code modu- 
lation has been considered the most efficient, although the 
circuitry used in modulation and demodulation is quite com- 
plicated and expensive. Delta modulation requires wider 
bandwidth than does PCM, but the circuitry is much simpler. 
An additional drawback of delta modulation is that trans- 
mission disturbances result in an accumulative error in the 


demodulated signal. This drawback has confined the use of 
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Figure 9: Block Diagram of the Voice-Transmission DM System 
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delta modulation to the transmission of signals which need 
not transmit the DC level of an input signal. 

To eliminate this shortcoming, the input signal can be 
integrated before it enters the modulator to generate output 
pulses carrying the information corresponding to the ampli- 
tude of the input Signal. The realization of this principle 
is the Delta-Sigma (A -> ) modulation system proposed by 
H. Inose, Y. Yasuda and their co-workers (21, 22, 23). 

The block diagram of this system (Figure 12) consists of 
a feedback system composed of a pulse generator, a pulse 
modulator, and integrator and a low-pass filter. Referring 
to the conventional delta modulation system of Figure l, it 
can be observed that the only changes of circuitry are the 
relocation of the integrator in the encoder, and the absence 
of the decoder integrator. 

In the A-=> system, the output pulses p(t) are fed 
back to the input and subtracted from the input signal s(t). 
The difference signal d(t) = s(t) - p(t) is integrated to 
produce e(t) which is applied to the pulse modulator. The 
pulse modulator compares e(t) with a predetermined reference 
level and opens the gate to pass a pulse from the pulse 
generator when the polarity of e(t) is positive, and closes 
the gate to inhibit the pulse when e(t) is negative. Hence, 
if the amplitude of the input signal becomes large, the 


output pulses occur more frequently. 
Demodulation in the receiver is carried out by shaping 


the received pulses and passing them through a low-pass 
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filter. No integration procedure is involved, therefore no 
accumulative error due to transmission disturbances results 
in the demodulated signal. 

The authors have demonstrated the feasibility of A -& 
modulation for telemetry and video applications. The block 
diagram of their telemetry system is illustrated in Fig- 
ure 13. This system was designed for an input signal fre- 
quency range of dc to 50 Hz with the repetition frequency 
chosen as 1 kHz. Built entirely with semiconductor compo- 
nents, the system was found to have a better performance 
stability compared to conventional delta modulation, 
although it requires essentially the same bandwidth and 


cemplexity “of circuitry. 


be SOOTHER MODIFICATIONS 


There have been several modifications of conventional 
DM proposed. The first, presented in 1953, encompassed the 
same amplitude quantization as DM, but was not quantized in 
time (25). Irving, in his thesis (24), found this synthesis 
method of encoding to have several advantages, but the 
method has not been incorporated in a system application. 

In conventional DM, each pulse changed the approximating 
signal by one level only. Winkler, in a method called High- 
Information Delta Modulation (HIDM), has the number of level 
Changes per pulse of the same polarity vary exponentially 


(36). The system can, therefore, respond quickly to 
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steep-slope signals thus reducing slope-limiting effects to 
near zero. An obvious disadvantage is the probability of 
high overshoot, especially with Zero-rise-time input signals. 
HIDM has been used to transmit visual information between 
facsimile transmitters and receivers with good quality (37). 

Lastly, de Jager and Greefkes have proposed a continuous 
DM system where the size of the quantization unit is varied 
in proportion to the input signal (9). This permits the use 
of lower pulse frequencies. Applications of this method 


have not yet appeared in the literature. 
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V. DELTA MODULATION WITH INTEGRATED CIRCUITS 


Integrated circuits, by definition, ‘consist of “tworom 
more inseparable elements, mounted on or within a common 
substrate, and connected together to form a single electri- 
cal network. With the aid of photographic reproduction, a 
discrete-component circuit requiring a large area can be 
replaced by a single integrated circuit (IC) approximately 
50 mils square. 

BacheiGCeproduced has thewecdpabidbity te peritorm specirac 
tasks such as amplification, counting and logic implementa- 
tion, to mention a few. With the addition of minor external 
modifications, their capability to perform a wide variety 
Se EUunCtions is vastly increased. 

Mo extend the evolution of delta modwhationgesa circuit 
incorporating IC's has been designed and constructed. A 
total of only five IC's were required to form a complete 
DM encoding system. The description of the four different 
types of IC's used and their internal circuitry can be found 
in the Appendix. The remainder of this chapter describes 
the functional sections of the system which have incorpora- 


teed IC's. 


A. INTEGRATED-CIRCUIT DELTA-MODULATION (ICDM) SYSTEM 
REQUIREMENTS 


1. Clock (Pulse Generator) ---to operate at 50 kHz; duty 


Sverre Of U. 1 to produce a 2.0- nsec positive pulse. 
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2. Comparator (Difference Circuit)---to compare input 
signal of one kHz with the system approximation signal; to 
generate a logical "ONE" or "ZERO" for input to the pulse 
modulator. 

3. Pulse Modulator---to generate positive pulses at 
the clock frequency when a logical "ONE" is received; to 
generate negative pulses at the clock frequency when a 
logical "ZERO" is received. The output pulse train (with 
positive and negative polarities) is to be available ata 
Samqukespewne inethe circuit for transmission. 

4. Integrator---to perform single integration to 
generate a staircase-like approximation signal for feedback 
to the comparator. 

59. General---the inputs will consist of one~-kHz sinu- 
soidal and triangular waveforms. The system is to demon- 
strate the limiting characteristics of DM (slope limiting, 
minimum amplitude) and to utilize the minimum number of IC 


and discrete components. 


Bew a€ LOCK 


Two Fairchild TT 2b 9601 integrated circuits were chogen 
Cerconseauet whe svysitem*cloek. This circuit, a,Retriggermabic 
Menostable Multavibrator, is capable of proe@ucing a >0-nsec 


to infinity pulse width with a zero to 100% duty cycle. The 


pulse width, as indicated in the Appendix, is determined 


solely by the external time components, R, and C,. 


40 


In order that the clock pulses béfproduced continuously 
and without external triggering, the two 9601's were con- 
hneeted in the astable configuration shown in Figure 14. The 
lower portion of the figure depicts the waveforms appearing 
at Gach of the four outputs. The desired clock O@EpusE is 
obtained at pin A, of 9601 "A." 

MO dalustrate a typical cycle, @onsiMer initially a 
P@eitive transition at pins A3 and Ag of 9601 “A.” fMhis 
transition completes the triggering requirements: pins Ay 
amie A> =|" ZERO"; pins A; and Ay = "ONE.Z/ Pin Ag rises to 
and remains in the "ONE" state; pin A. becomes "ZERO." 
Triggering requirements are not fulfilled at 9601 "B"; 

Emus pin Bg is "ZERO" and Be is "ONE." The clock outputs 
will remain in the above states for the length of time 
S@eeermined by R,-C,. A pulse width of 2.0 wsec requires: 
Ce = 200pF, Ry = 25.0 kn for this period. 

Upon completion of the above timing period, pin Ag will 
jar co the "ZERO" state and pin Ag will riseVtouathe “ONE” 
state. This latter transition, connected to pins B3 and By, 
completes the necessary requirements to trigger 9601 "B." 
Mie Circuit operation following is similar to that above 
except that now the timing components R,, and C,, determine 


y My 
the timing period. A duty cycle of 10% requires a timing 


period between pulses of 18 » sec. (Clock frequency = 
SOkHz.) Component values are Cy = 1800pF and Rg = 30.5k 3 


for this timing period. 


41 


SWUTOFSACM STQETTeAYW pure AOOTO---wse 3sAs WadDI PT Sanbty 


q— 75S" Og | — 





Ba Nid BY Nid 





-_ 


"30 


273 Nic 9Q¢ Nid 








Be LagdlLno ADO1D 
O ue €'e ma = Ses 


s9008! | a 
WSO. 4 %oo~ ay 
AD Ay 


AS+O 7H 


42 


C. COMPARATOR 


The ,~A/710 High-Speed Differential Comparator fulfills 
the difference-circuit or comparator function without the 
need for external discrete components. A complete descrip- 
tion of this IC's operation is presented in the Appendix. 
fmi-epan configuwation ofsthe yeA/10 is depaeted in Figure 
yD. 

With bias voltages of v' =12v and v7 = -6v, the 
Output voltage will be typically 3.2 volts when the input 
at pin two is greater than that at pin three. When pin 
three is greater in magnitude, the output voltage level is 
on the order of -0.5 volts. The maximum differential input 
petltage is limited to 5 volts, bMt as the ingegrator 
Sm@tput signal will usually be quite close to fealizing the 
iput, the limit will only be of interest when slope limit- 


ing is present. 


D. PULSE MODULATOR 


With the clock and comparator inputs described above, 
the system is now ready to form the output pulses. Logic 
gates and clamping diodes have been used to perform this 
function. Four gates are required; all are available in 
one Ic, the TT ~L 9002. Each of the four independent gates 
implement the NAND logic function, producing a low output 
Cm@Eyewaen all inputs are high. Figure 16 depicts the 
construction of the pulse modulator. Dl and D2 are IN277 
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Figure 15: ICDM System---Comparator 





Vcc 4+5V Rs 
act | BI KS 
ChLocK 
i 
VU 
mine 7 4 z, — 
OA 310 
. | (A) 
Dp) R, S\Kr 
MODULATOR 
(e) OOTPVUT 
v PAL ATOR 
COMPA { 
IN®UT D2 Rs S2kr 





Figure 16: ICDM System---Pulse Modulator 
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Figure 17: Waveforms in the ICDM System Pulse Modulator 
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germanium diodes. Figure 17/7 illustrates expected waveforms 
at various points in the circuit described below. 

There are two paths through the pulse modulator, both 
terminating at point C. The first path consists of gate A 
and elements Bi gand Ri. .GatesAyrceenves Che clock and 
comparator inputs and produces, at pin three, the waveform 
of Figure 17 (c). The combination of capacitor C, and diode 
Dl clamps the top of the waveform to zero. Thus, when the 
comparator level is high, we obtain negative pulses at 
point A. When it is low, we have a zero voltage. 

The second path in the modulator involves gates B, C 
and D and discrete elements Co and R59. Reversal of the 
comparator output states is accomplished by gate B (see 
Figure 17 (e)). Gate C performs the same function as 
Gate A, but now produces the pulses on the alternate half- 
cycle. Positive pulses are desired, therefore Gate D 
revemeies the @UtpUe states of GauefG; Theg Cy-D2 configura 
tion insures that the base of the waveform is clamped to 
zero. ‘Therefore, when the original’ comparator level is low, 
we obtain positive pulses at point B. A zero voltage 
results when the level is high. 

The two waveforms at points A and B are combined into 
one output (point C) by resistors R, and R59. A variable 
resistance, R3, is loéagedtacross C, to facilitate matching 


Of positive and negative pulse amplitudes. 
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Figure 19: ICDM System---Low-Pass Filters 
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E. INTEGRATOR . 


The ICDM system integrator incorporates the ,»A/741 
High-Performance Operational Amplifier. In a complete 
system configuration, two integrators are needed, one in the 
feedback path of the encoder, and one in the decoder. 

The integrator, shown in.Figure 18, provides an output 
thah a toweboportionalete the time integral 6£ the input 


signal. The gain function Or the integrator is given by; 


a 
oe = Ry Ca ute ey dt 





It is this relationship which determines the quantum step 
sazesonsdel tCagmodulatbion inhpthes system. 

Consider a series of positive pulses with pulse width = 
2 esec and period T= 20 r~sec. For the component values 
shown in Figure 18, we have the following output for each 


volt of input amplitude: 


as 
2x10 
Ey = {i} - Fie ae Se On Voiles 
Rye 210 


The charge associated with this rise in voltage is stored 
in Ene capacitor C3. During the 18 ~wsec of the period in 
which a zero input exists, the charge leaks off slowly 
through R5. The output voltage level will remain essen- 
tially constant; the small drop in voltage that does exist 
is governed by the time constant RoC3 = 1000 usec Or SOs hs 


Thus, a series of positive pulses, when integrated, will 
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Mmeeoduce a rising staircase-like waveform. Similarly, a 
series of negative pulses will produce a descending 
staircase-like waveform. 

mie ctesistor, R,, “is included to preovigemdirect-current 
(DC) stabilization for the integrator. Its function is to 
limit the low-frequency gain of the amplifier and thus to 
minimize drift (18). The frequency above which the circuit 


weet perform as an integrator 1s given by: 


The size of the resistors Rg (small) and Re (large) 
follows from the above description. The capacitance C3, if 
large, minimizes the waveform decay, but also reduces step 
See Jf a larger step size is desired with a small C3, 
tien the decay effects will be greater. Therefore, an 


arbitrary compromise value of 0.01 ,F was chosen. 


F. LOW-PASS FILTERS 


In a complete DM system with both encoder and decoder, 
the integrators of each are designed to be identical. In 
the present system, the decoder was not built. In order to 
Simulate the decoder (integrator plus low-pass filter), the 
integrator output was also fed to two low-pass filters as 
shown in Figure 19. The characteristics of the two filters 


are shown in Table I. 
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Table I 


Theoretical Low-pass Filter (LPF) Characteristics 
(for one kHz input sinusoid) 


Upper 3dB Steady-state Phase Lead 
Frequency, f95 Gain, | al ©, degrees 


Re =6390 
a. Oe kHz, Oe = igs pass 





LPF #2 
Cr = O.lyF| 159 Hz 0.16 -80.9 


G. SYSTEM DIAGRAM 


Figure 20 illustrates the ICDM system as formed by the 
elements described above. The system has incorporated the 
identical functional blocks as the encoder depicted in 
Figure 1. The following two chapters describe and discuss 


the results obtained with this system. 
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Vi. ._ CDM S¥STEM RESETS 


A. TEST EQUIPMENT 


1. Power Supplies: Hewlett-Packard Model 721A. Range 


O = 308F7oQltsS DC. 

2. Function Generator: Hewlett-Packard Model 202A. 
Low-frequency function generator; sinusoidal/ 
triangular/square functions. Range 0.01 - 1200 Hz. 


3. Oscilloscope: Tektronix Type 515A (single trace). 


B. INTEGRATOR OUTPUT WAVEFORMS 


The output of the I@DM system encoder is the pulse train 
at Point C. However, this waveform does not indicate the 
capability of the system to reproduee the input after decod-— 
ing. To facilitate this comparison, the "decoded" output 
was considered to be available at the integrator. This 
output was then applied to each of the low-pass filters; 
the resulting waveforms are described in the next section. 

Figure 21 illustrates the expected performance of the 
system. The integrator was capable of producing almost an 
exact replica “ot” both” the sinusoidal and triangular one-volt 
input signals. A similar performance was obtained for an 
amplitude range Of approximately 0.25 to 7.5 volts. (All 
photogtapitsy imethis section have the time’ axis running from 


right tewelest. Thas-was due to the mounting configuration of 


the oscilloscope camera.) 
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As the amplitude of the input signal is’ increased, the 
effects of slope limiting become evident. This is illustra- 
ted by the integrator waveforms of Figures 22 and 23. The 
integrator cann@ét reprogdu¢e Ehe inpee waveforme, invalleteur 
cases illustrated. The apparent reproduction of the tri- 
angular inputs occurs only because a slope-limited signal 
resembles a triangular wave. 

In the previous chapter, it was stated that after the 
integrator output had risen or fallen by the Gu@antum Sscem 
size, the waveform would decay only slightly. The percent- 
age of decay (about 2%) is constant in all situations. How- 
ever, the magnitude of theMeManege Gemlarger fomeaicrcaams, 
amplitude. This is also illustrated in the integrator 
waveforms of Figures 22 and 23, by the slight curvature of 
the staircase waveforms. 

For all slope-limited signals the step size was measured 
as 0.46 volts, with #@he pulipes S@eeroimt C havingwaneanli— 
tude of 1.8 volts. As the amplitude of the system input 
decreased, and with the feedback signal capable of matching 
this input, the step size was found to decrease. Figure 24 
illustrates the response to a very small input signal. With 
the reduced step size, the integrator output does produce an 
approximation of the input, instead of the expected waveform 
of alternate positive and negative steps. Actually, it 
appears that a full step of approximately 0.16 volts occurs, 


but immediately drops back to.a fraction of this value. This 
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Sinusoid Input Integrator Output 


V=0.01 v=0.02 


Scales: Hor - 0.2 msec/cm; Vert - 0.1 V/cm 


Figure 24: Output Waveform for 0.01-Volt Sinusoidal Input 





Clock Output Comparator Output 
V=5.2 V=3.2 
Scales: Hor - 5 .4sec/cm Scales: Hor - 0.2 msec/cm 
Vert - 2 V/cm Vert - 2 V/cm 


Figure 25: Clock and Comparator Waveforms 


o7 


is faintlyevisible son the oscil@ses2 eee ee eot evident 


in the photographs. (See the discussion in the next chapter.) 


C. LOW-PASS FILTER WAVEFORMS 


The two low-pass filters previously described were 
designed for the purpose of illustrating the effects of two 
diffement ftugpen 3edB frequencies (£5)2) EPF #1, with 
f>5 = 4.08 kHz, was capable of passing sufficient harmonic 
content to reproduce any input applied to it. This is illus- 
trated by the photographs (c) and (g) of Figures 21-23. A 
filter of approximately this size would be required for any 
waveform with harmonic content. 

LPF #2, with f5 = 159 Hz, was only capable of passing an 
attenuated fundamental frequency of the applied input signals. 
Photographs (d) and (h) of the same figures indicate this 
effect. The observed characteristics of both filters are 
listed below in Table II. (Note: All values are approxi- 
mate. ) 

The component values for each of the above filters were 
Chosen arbitrarily. In an operating system, however, the 
filter design would be subjected to a more detailed analysis 


procedure. 
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Tablet 


Observed Low-pass Filter (LPF) Characteristics 
(for 1-kHz input sinusoid) 


Steady-state Phase Lead 
Gain, |A| ©, degrees 
LPF #1 
£95 = 4.08 kHz 
LPF #2 
Ry = 10 Kh 
Cc, = O.1 uF 0.16 -86 
fo = 159 Hz 


D. SYSTEM INTERNAL WAVEFORMS 


Figures 25 and 26 depict the waveforms present at 
Various indicated points in the circuit. All photographs 
were taken for a two-volt sinusoidal input signal in order 
to obtain distinct waveforms (see Figures 14 and 17 for 
comparison with theoretical waveforms). 

As input signal amplitude was decreased, the waveform 
Ge the comparator becamewaittiwcult to interpret. The two 
S@eput levels were still present, but a distinct pattern 
Mes not visible. All efforts to synchronize the oscillo- 
scope with the waveform failed. The waveform patterns in 


the modulator were also affected. The output waveform at 


Point C appeared to have both positive and negative pulses 


Bee: 





Pin 3: V=4.5 Point A: V=4.2 
(a) (b) 





Pin 8: V=5.2 Pin 6: > V=5.2 
(c) (d) 





Pin ll: V=4.4 Point B: V=4.2 
(e) (f) 





Point C: vV=1.8 
(g) 


Scales: Hor - 0.2 msec/cm; Vert - 2 V/em (a-f), 1 V/cm (g) 


Figure 26: Pulse Modulator Waveforms 
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occurring at the same time. No photographs were possible 


due to the instability of oscilloscope presentation. 


E. SYSTEM GROUND PLANE 


Extraneous signals from the laboratory ground, the 
circuit power supplies and the function generator were 
emeountered in the system ground circuit @uring intra 
testing. These signals were virtually eliminated by the 


use of a wire-mesh ground plane. 
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VII. DISCUSSION CF RESULTS * 


A. GENERAL 


The Integrated-Circuit Delta-Modulation System was 
capable, despite the instability problem discussed below, 
of produeaing Delta Modulation. The system, at present, is 
only rudimentary. Detailed evaluation of the circuit 
design, such as signal-to-noise ratios, voice or telemetry 
input testing, etc., must await system refinements. 

Comparison with research performed by others is diffi- 
cult for several reasons. Delta modulation incorporating 
Ic's has not been attempted previously (or at least not 
reported in the literature), possibly due to its limited 
applications. Therefore, direct comparison of Circuit 
capabilities is not feasible. Due to the limited scope of 
this thesis, only a photographic comparison can be made, 
at present, with earlier disecrete=-component systems. 

Lender and Kozuch (26), and Watson and Hudson (34) have 
presented photographs in their reports, with the former the 
most detailed. Comparison with other systems described 
earlier would, in most cases, require a more detailed system 


study. 


B. SYSTEM STABILITY 


Slight deviations of the system clock from the nominal 


50-kHz frequency could have the effect of varying the 
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number of samples during a given cycle of input frequency. 
While not affecting the capability of the system to perform 
delta modulation, a constant (or repetitive) oscilloscope 
presentation would be difficult. During the circuit test- 
mag, theregwas no @ebserved drift of the, cloek frequency. 
Inose, Yasuda and Murakami (22) have stated that the 
Variation of the comparator reference level can be a serious 
problem in an analog-to-digital conversion device. Ina 
DM system, this variation (the feedback signal) is required. 
In the present system it appears that the observed system 
instability is probably caused by the comparison function. 
The left half of Figure 27 illustrates the system 
waveforms under slope-limiting conditions. The input is 
always greater than the feedback signal from the integrator. 
The comparator output is always high, and the system pro- 
duces a negative pulse 2- psec wide at Points A and C. 
After integration, the approximation makes a quantum step 
in the positive direction. (The expanded time scale of 
Figure 28 illustrates that the step is actually a steep 
ramp). 
Response times of the individual IC's are quite fast. 
A total system response would, at worst, be on the order of 
OR5 psec, OL about one-fourth the pulse width (12, 14, 15). 
In the right-half of Figure 27, the two inputs are much 
Closer at the beginning of the pulse cycle. At time instant 


Th the comparator output is high, opening Gate A to allow 
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SIGNAL 
(a) Comparator Inputs 
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(b) Comparator Output 





(c) Point A - Waveform 


(d) Point B - Waveform 





(e) Point C - Waveform 


Figure 27: Waveforms Resulting from Normal and 
Unstable Comparator Level Sensing 
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a negative pulse to start forming at Point A. Gate B is 
closed at this instant of time. The integrator begins its 
positive ramp output. 

me i>, the feedback signa® rises avewe cae ewe trea! 
Once the comparator logic threshold level is exceeded, the 
comparator output state switches. This action closes 
Gate A and opens Gate B. As a result, the negative pulse 
being produced at Point A is cut off, and a positive pulse 
is started at Point B. The integrator input reverses, and 
now produces a negative ramp output. (Delay in the system 
does occur, but is not illustrated here). 

The feedback signal again crosses the input signal and 
at Tyg the system is required to reverse states again. At 
eeene Clock pulse is cut off, both gauves are closed, sana 
the integrator, with zero input, is now in its long expo- 
nential decay period. The net change or "step” of this 
waveform is approximately two-thirds of the change produced 
in slope-limiting. 

It is felt that the above oscillatory motion‘of the 
G@mparator, occurring during the 2- usec pulse interval, is 
the cause of the oscilloscope waveform instability. Delta 
Meemlation is occurring, but for each cycle of input, a 
slightly different output is produced. The oscilloscope, 
requiring a constant or repetitive input, is unable to 


reproduce a steady presentation. 
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It is evident from Figure 27, that, in Order to 
eliminate the oscillations, the comparator must be made to 
remain in its initial state during production of an output 
pulse. It is possible that a more complex comparator can 
eliminatosthesinebability. The wt A/ Loe withgadditional 
circuitry using the clock pulse to inhibit a change of out- 
put levels, may be sufficient. Fairchild also produces a 
KMATII Dual Comparator with four inputs and one output. 
Whether or not this IC would be needed is not known at 
present. It is suggested that future study of ICDM systems 


be Congenirated Onmthis problem. 
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VIItIti. CONCLUSION 


In this thesis, it has been demonstrated that a delta 


modulation system incorporating integrated circuits is 


possible. The solution of the stability problem appears 


feasible, but requires additional study before implementa- 


TeO)T) « 


It is unnecessary, in this paper, to make recommenda- 


tions for applications of delta modulation. The many 


references cited have probably exhausted this field. In- 


stead, this thesis has attempted 


to demonstrate, by use of 


a rudimentary system, that many of these DM applications 


are now capable of utilizing integrated circuits in their 


design. 

The literature on integrated 
with fabrication and usually has 
provide on actual applications. 
are described, generally involve 


time. In this paper, the design 


circuits deals primarily 
very little information to 
Those applications which 
only one or two IC's ata 


of a system utiliZing four 


different (five total) IC's has been accomplished with the 


ICDM system. 
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APPENDIX A 


DESCRIPTION OF INTEGRATED CIRCUITS 


A. 9601 RETRIGGERABLE MONOSTABLE MULTIVIBRATOR; FAIRCHILD 
TRANSISTOR - TRANSISTOR MICROLOGIC INTEGRATED 


GUuRcuUIT (16, 17). 


The TT aL 9601 is a DC level-sensitive retriggerable 
monostable multivibrator (one-shot) which provides an output 
pulse whose duration and accuracy is a function of the 
external timing components only. It has four inputs, two of 
which are active-level HIGH and two active-level LOW. Com- 
plementary outputs are provided. 

The block diagram of the circuit is shown in Figure A=l; 
The trigger input gating is DC-coupled and independent of 
input transition times. Both true and complemented inputs 
are provided. The output transition of the input gating 
circuitry is converted to a pulse by the differentiator. As 
a consequence of this action, the input and output periods 
are independent. 

The discharge circuit receives a short pulse from the 


differentiator and discharges the timing capacitor, C to 


> aL! 
MMereeema tinting cyele. Since long delay periods require 
a large capacitance and long discharge time, the discharge 


circuit must continue to discharge the capacitor until the 


Current drops to a fixed value. The discharge circuit is 
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thus similar in act#on to ,a silseon-Gontrolled rectifier. 
Whenever an input trigger is received, capacitor on Pes t 
discharges and then begins to charge toward V,, through the 
timing resistor R,. 

The differential comparator senses the voltage across 
Ce and holds the output high through TTL output stages while 
the vol@age of C,. is below a diffesential threshold. fMThe 
action is retriggerable since an input trigger will dis- 
charge C, and begin a new delay cycle, independent of the 
outputs When the voltage acrogs Cyjreaches a set fraction 
Ot Vec, the comparator Switches and drives the output 
through the TTL output stages. The output is also inverted 
to give a complemented output. 

Figure A-~-2 shows the complete schematic diagram of the 
9601. Input gating provides two inputs that will trigger 
On a positive transition and two that will trigger ona 
negative transition. The inputs are of the typical TDL 
type; triggering will take place whenever Q4 is driven ON. 

Due to inherent limitations of TTL processes, special 
treatment of the differentiator and discharge circuits was 
required. One proposal was to use an RC differentiator and 
a PNPN silicon controlled rectifier (SCR). There are two 
drawbacks however: 1) since the R4Cy combination is domi- 
nant in determining the minimum pulse width of the device, 
and since integrated circuit component tolerances are loose, 


the minimum output pulse width would vary with each device, 
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2) the PNP portion of the SCR (Q2) is impractical to 
fabricate with standard TTL processes. 

The cireuitry. ingPigurewe—-2ewas desagned to elaminate 
the above shortcomings. Q6 and Q7 form a flip-flop which 
acts as the differentiator. A monostable multivibrator, 
acting as an SCR is formed by transistors Q9 and Q10. 
Feedback is provided through Q8 (emitter follower) and Ro. 

The flip-flop is.in its stable state with Q6 ON and 
Q7 OFF. If the trigger (from input gating) is high, és 
diode D4 is back-biased. When the trigger drops to ground, 
Q7 turns ON and sets the flip-flop. Diode clamp D2=-D3 
ensures the correct state. The SCR-equivalent monostable 
then switches to its non=stable state, as Q9 turns OFF 
through D3, and remains there until C, is discharged. 

With Q10 ON, the differentiator-equivalent flip-flop 
resets whemgo06 gis driven,ON through QO&}a@nd Rowse The. resist— 
ance ratio Rg/R¢ is such that Q10 is in saturation before 
Q6 turns ON. The discharge path of C, is through Riy: the 
collector of Q10 and D5. After C, has lost sufficient 
Charge, D4 again becomes back=-biased and the monostable 
returns to its stable state, allowing C,. to begin charging 
toward V,g- Since RR}, is much smaller than R,, the ini- 
tial discharge period is only a small fraction of the total 
period. During the principal timing cycle, C, charges 
throughyR,yr the base emitter ofM09 and D5. RetriggéTing 


occurs whenever the trigger is brought high and then 
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returned to ground. If Cy 1s not present, the monostable 
returns to the stable state as soon as the differentiator 
flip-flop resets. 

The extra emitter of Q10 is designed to provide a fast 
discharge path when the capacitor (C,) voltage exceeds a 
certain value. This maintains the initial discharge period 
Wearly constant. The end result of the dé@sign provides a 
differentiator which delivers a trigger pulse of optimum 
rength and an SCR equivalent discharge circuit which can 
handle all values of C,. 

The differential comparator is an emitter-coupled 
Peumeat cCrrqgger tormed by QIT,” O12, R1}3- Rys and Ryg- The 
Poagger Lovell Vn 15 given by the expression (17): 


(Veco ~ Va). Ry 


ass ee 
TT RIRG VBE(Q11) 





- Ra 
Rit+R2 


where Vg is the voltage across Q12 and D6 in parallel. 


Since Ql2 is saturated, the Vor of Q12 has been neglected. 


The timing ramp equation is: 


feral (eee) ae 


T aay. 


E€C D1?) 


where Vap of Q10 is neglected. With the resistance ratio 


eat tos®).32, substituting ofor Vr yields 


-t/RC 


(Vae-Vp) (0.32) VBE(Q11) = (Vace-Vp) (l-e ) + Vp ° 


To 


Wisthweqgaal, diode woltagesmethe omiput sootsiiod gwal lL. be sdetoy— 
mined only by the resistance ratio and the timing components 
Raee..* geoe data, shear for the 9601 (16) indicates the 
following relation for the pulse width T: 


OF 7 
di i Si NOM Ca (1 + ay 


where R, is in Kx, Cy is in pF and T is in nanoseconds. 

Whensthe trigger level Vp is ,xeached, OM begins ae shurn 
ON and Q3 cuts OFF, driving the output stage ON. » Because 
R, in »pamallel with R73 cannot maintain at thestop ofeR7¢ 
the voltage level that was previously maintained by Rj 3 in 
parallel with R,>, the turnover action is regenerating with 
C, discharging into the base of Q2, further speeding the 
action. The impedances connected to the monostable are 
large enough to prevent false triggering from ground or 
power-supply noise. 

icc eaEput CireuLltey QO©S, Ql4, Qi>”ana Qe fern a 
four-diode hold-off for the true output. Q12 also functions 
aS a current-gain stage. The Q14 emitter and D7/ connect 
directly to the differenteator output.to substantia@tly 
reduce delay in the circuit. The Q13 base=-stored charge 
pulls the charge out of the base of Q14 (phase splitter). 
In the comparator, R,q4, bypassing D6, ensures sufficient 
output drive at low voltage and temperature. The comple- 
mented output is obtained from a TTL inverter with active 


pullup and is driven by the true output. 
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B. A 710 HIGH-SPEED DIFFERENTIAL COMPARATOR; FAIRCHILD 


LINEAR INTEGRATED CIRCUIT (ll, 14, 20). 


A differential voltage comparator is a high-gain, 
differential-input, single-ended output amplifier. The 
function of the device is to compare a signal voltage on one 
miput withga reference voltage on the other input, amd 
produce a logical “ONE” or "ZERO" at the output, dependent 
upon which of the two inputs was higher. 

The schematic diagram of the circuit is shown in Figure 
A-3. The input stage, formed by Q1 and Q2, is used for low 
offset. Q3 and Q4 are identical transistors, with Q3 pro- 
viding balanced biasing for the second-stage amplifier, Q4. 
The bases of Q3 and Q4 are fed from a common voltage point, 
the emitter of Q5, through resistors Rj and Ro5- Q5 keeps 
the input-stage collector current out of the resistor Ry- 
Under balanced conditions, the single-ended output of Q4 is 
insensitive to changes in positive supply voltage. 

In the output stage, Q6 is connected as a diode to 
limit the positive output swing. This increases the speed 
as well as providing compatibility with certain integrated- 
circuit logic families. An emitter follower, Q7, is used 
at the output of Q4 to give a high output-current capability. 
A Zener diode, Dl, in the second-stage transistor emitters 
provides a large input voltage range. D2, an identical 


zener diode in the output emitter follower, level shifts 


mene CUEpUE™baek to a level compatible with logic ecireutes- 
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Q8 isolates the output from the diode-compensated bias 
divamer tor the inpwt-stage current sovuree. 

The input-stage emitters are supplied from the current 
source, Q9. With the diode-connected transistor, Q10, used 
to compensate for the emitter-base voltage of Q9, the 
current source can operate with a small voltage drop across 
iS emitter resistor, Re. This g@ves a barge anput-veiieage 


limit. 


C. 9002 QUAD TWO-INPUT GATE; FAIRCHILD TRANSISTOR - 


TRANSIS®POR MICROLOGIC CIRCUIT. (12, 13). 


The 9002 Quad Two-Input Gate is an integrated circuit 
consisting of four independent gates, each with two inputs. 
Each gate is a high-level positive NAND gate capable of 
driving high-capacitance and high fan-out loads. They are 
designed for compatibility with Diode Transistors Micrologic 
(DT) elements. Figure A-4 depicts the basic gate circuit 


of the TT xL 9002. 


D. A 741 HIGH-PERFORMANCE OPERATIONAL AMPLIFIER; FAIRCHILD 


LINEAR INTEGRATED”"CIRCUIT™(15, 16, 9). 


The) #A 741 is.a monolithic operat#domgal amplifier 
designed for high performance and ease of application. The 
Circuit incorporates a unity-gain frequency-compensation 


network, thus eliminating the need for external components 
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which were required with the first-generation PrAlog 
operational amplifier. 

The circuit is essentially a two-stage amplifier com- 
prising a high-gain differential input stage followed by a 
high-gain driver with a class-AB output. The schematic 
diagram is depicted in Figure A-5. 

Since high-Beta PNP transistors involve costly addi- 
tional processing steps, the input circuit of the 741 uses 
a combination of high=Beta NPN and low-Beta PNP transistors 
to achieve low input-bias currents. The device is able to 
withstand 130 volts differential input signals without 
breakdown of the base-emitter junction of Ql or Q2. This 
is due to the larger emitter-base breakdown voltage fora 
lateral PNP as compared to that of an NPN. 

Using the high output resistance of Q5 and Q6 as loads, 
the stage will produce high gain. The bias network formed 
by Q8, Q9 and Q10 provided the operating collector current 
of the input stage. 

the capacitor C,; forms a portion of the frequency- 
.compensation network. The presence of a 30=pF capacitor on 
the chip with stable, close tolerances, was a significant 
advance in linear circuit processing. 

A Darlington driver (basically Q16 and Q17) is used to 
avoid loading the first stage. The output stage uses a 


conventional complementary symmetry design. A quiescent 
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bias current of about 60 wA through Ql4 and Q20 eliminates 
any crossover distortion. The output stage also incor- 
porates, current-limiting cilgcwitry@to prevent excessive chip 


dissipation under short-circuit conditions. 
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